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Planetary Waves in Jupiter’'s Equatorial Atmosphere
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Voyager infrared, radio occultation, and imaging measurements provide a variety of
observational evidence and constraints for planetary-scale waves latitudinally trapped
within Jupiter’s equatorial jet. The visually prominent plumes, encircling the planet at 8
deg north latitude, show a longitudinal organization of wavenumber n =~ 11-13. An
apparently solitary plume also appears at about 8 deg south along with other smaller
periodic cloud features. Deviations in cloud-tracked drift speeds (including differences in
mean values to the north and south of the equator) in excess of 25 m sec! may be crudely
indicative of the magnitude of the associated wave phase speeds. Radio occultation
retrievals of the temperature profiles at two equatorial longitudes show harmonic varia-
tion consistent with the stratospheric propagation of two components with vertical wave-
lengths of approximately 3 and 0.5 scale heights. These observations may be consistently
interpreted in terms of specific classes of equatorially trapped wave modes. The gravest
equatorial Rossby mode with an “equivalent depth” of & =~ 2—4 km (with a stratospheric
wavelength of 3-4 scale heights) represents the most consistent interpretation of the
plumes. The inferred vertical eigenmode could be ducted by a deep, statically stable
layer, possibly imposed by a roughly solar abundant water cloud, depending upon the
actual details of the moist convection. An estimate of the relative growth rates for the
near-neutral forcing of Rossby modes of the inferred equivalent depth implies a maxi-
mum for zonal wavenumber 11. The solitary plume feature to the south of the equator
may be interpreted as a wavenumber 1 Rossby mode with the same vertical scale,
possibly forced by the interaction between the equatorial jet and the Great Red Spot.
Smaller visual features may correspond to inertia—gravity modes with vertical wave-
lengths comparable to the small harmonic of the occultation profiles. Galileo orbiter and
probe observations will provide an essential test of the wave analysis and substantially
enhance its diagnostic utility. © 1990 Academic Press, Inc.

1. INTRODUCTION coincidence of this latitudinal region with

the currently planned entry site for the Ga-

Except for the Great Red Spot, Jupiter’s
equatorial plumes are the most prominent
longitudinal features on the planet. These
are clearly evident even in several histori-
cal drawings of the planet (cf. Focas and
Banos 1964, Peek 1981). They appear to be
confined between 2 and 9 deg north lati-
tude, are more or less evenly spaced in lon-
gitude, and at the time of the Voyager en-
counters numbered between 11 and 13. The
features are embedded within Jupiter’s
wide equatorial jet, where the eastward
flow velocity is about 100-130 m sec™!. The
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lileo atmospheric probe makes it especially
pertinent for further study in advance of the
in situ observations of its vertical structure.

Several investigators have suggested that
the plumes may be interpreted as the effect
of organized wave propagation (cf. Smith ez
al. 1979, Mitchell et al. 1979, Hunt et al.
1981) but without attempting to analyze
their dispersion properties and associated
vertical structure. Although the wavenum-
ber 11 plume pattern appears to be absent
to the south of the equator, Voyager imag-
ing observations show a single large but
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morphologically similar feature there at
about 8 deg latitude. According to Max-
worthy (1985) the south equatorial plume
drifts to the west with respect to the mean
cloud-tracked wind at a speed of several
tens of meters per second and may be inter-
preted as a Rossby solitary wave. Other
discrete but much smaller cloud features
are also apparent at about the same lati-
tude. An independent and especially tanta-
lizing suggestion of equatorial wave activity
is evident in the vertical temperature pro-
files retrieved from Voyager radio occulta-
tions at two equatorial locations (Lindal
et al. 1981), showing a two-component
periodic  oscillation corresponding to
wave lengths of about 3 and 0.5 scale
heights.

Two features of the theory of planetary-
scale waves, as developed for terrestrial
meteorology, appear to be relevant to the
Jupiter observations. Lindzen (1967) and
others have shown that midlatitude distur-
bances of sufficiently high frequency and
large spatial scale are vertically trapped.
Within regions sufficiently close to the
equator, however, disturbances of any fre-
quency can, in the absence of strong wind
shear, propagate vertically away from their
level of excitation. In addition, the theory
demonstrates that equatorial oscillations of
sufficiently large (planetary) scale are me-
ridionally trapped, even in the absence of
horizontal shear, as a result of the rapid
variation there in the latitudinal gradient of
the local normal projection of the planetary
rotation frequency (the so-called beta ef-
fect). The first feature is consistent with the
apparent oscillation in the two equatorial
profiles determined by Voyager radio oc-
cultations as compared with a third profile
obtained by the same method at higher lati-
tudes (57-73 deg) showing relatively little
vertical variation about the mean strato-
spheric lapse rate (Lindal et al. 1981). The
second (meridional trapping) feature of the
equatorial wave theory is consistent with
the confinement of the plumes to within
about 8 deg latitude of the equator, well
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within the half-width of Jupiter’s equatorial
jet.

The diagnostic analysis of planetary
waves in the Earth’s tropics has proceeded
by the comparison of the linear dispersion
relations to the power spectrum of their ob-
served oscillation frequencies and their
measured phase drift in time-composite sat-
ellite photographs (cf. Wallace and Chang
1969, Chang 1970, Holton 1970, Lindzen
1974b). A comprehensive review of both
the theory and observations of tropical
waves in the Earth’s atmosphere and ocean
is given by Beer (1978). Although the deter-
mination of the oscillation frequency of
planetary waves in Jupiter’s atmosphere is
much more problematic, measured devia-
tions in cloud-tracked drift speeds (includ-
ing their differences to the north and south
of the equator) may serve as a rough indica-
tion of allowable horizontal phase veloci-
ties. The diagnostic assessment of the equa-
torial eigenmodes is also constrained by the
observed latitudal position of the plumes.
The application of these constraints, in-
cluding the vertical structure of the radio
occultation profiles, permits the prelimi-
nary identification of certain distinguishing
classes of linear wave modes consistent
with all the observations.

2. OBSERVATIONS

A number of images showing the promi-
nent cloud features within Jupiter’s equato-
rial region have been published by various
Voyager investigators (cf. Smith et al.
1979, Ingersoll et al. 1979). Figure 1 shows
a mosaic assembled from near-encounter
orange-filtered Voyager 1 images of the
equatorial region, showing both the north
equatorial plumes and the single prominent
south equatorial feature. Their longitudinal
wavenumbers may be identified by visual
inspection as n = 11-13 and n = 1, respec-
tively. Hunt et al. (1979) have performed a
correlative study of Voyager images and
IRIS temperatures for the north equatorial
plumes. They report that the thermal struc-
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Fi1G. 1. Voyager imaging mosaic of Jupiter’s equato-
rial region. The orange-filtered images were recorded
during the near-encounter north—south mapping se-
quence by the Voyager 1 narrow-angle camera on
March 3, 1979. The mosaic has been assembled by the
author without correction for the variation of viewing
angle and distance with time so that some distortion
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ture above the cloud deck also shows a
periodic variation consistent with tropo-
spheric wave activity on the same
longitudinal scale as the northern plumes
and which appears to be vertically coherent
over infrared sounding levels between 150
and 700 mbars. (Since the vertical resolu-
tion of the IRIS retrievals does not permit
the detection of an oscillation with a verti-
cal wavelength smaller than about two
scale heights, this may be taken as a rough
lower limit for the observed structure.)

Periodic structure on much smaller hori-
zontal scales is also apparent in the Voy-
ager images of the equatorial region. Small-
scale cloud striations with typical
longitudinal separations of 300 km (roughly
100 times smaller than the spacing of the
north equatorial plumes) have been cata-
logued by Flasar and Gierasch (1986) and
interpreted as mesoscale gravity waves but
are by any reckoning subplanetary scale
phenomena. In addition, the Voyager im-
ages show small-scale periodic structure at
latitude 8 deg south with a longitudinal reg-
ularity consistent with zonal wavenumbers
of n ~ 50-100. (This is the chevron pattern
apparent in Plate 10a of Ingersoll et al.
1979 and is also visible in Fig. 1 of this
paper.)

Maxworthy’s (1985) cloud-tracked wind
measurements of Voyager images of the
large south equatorial plume indicate a
westward wave phase velocity for this fea-
ture of about 70 m sec~! with respect to the
mean flow at the same latitude. Although
there are apparently no such dramatic dif-
ferences in the measured cloud-tracked

between individual frames is evident. The equatorial
strip covers approximately +23 deg of planetographic
latitude and 160 deg of longitude, running from ap-
proximately 200 deg (System III) on the left to 40 deg
on the right. Six of the equatorial plume centers are
visible to the north of the equator. The southern equa-
torial plume feature is also evident within the third
column of frames from the left and, at about the same
latitude, the small-scale chevron structure. The Great
Red Spot appears prominently within the second
column from the right.
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drift velocity at the latitude of the north
equatorial plumes, the root-mean-square
deviation of measured velocities there, as
determined by Ingersoll et al. (1981) and
Limaye et al. (1982), is as large as 20 m
sec”!. There is also a measured north—
south asymmetry in the cloud-tracked drift
speed near the maxima of the otherwise
symmetric equatorial jet profile, with veloc-
ities at 8 deg north some 25-30 m sec™!
smaller than those at 8 deg south (cf. Inger-
soll et al. 1981, Limaye 1986). If the north
equatorial plumes and the associated cloud
structure are the only features which can be
tracked at their latitude (cf. Fig. 1), then the
observed difference may be the effect of
westward phase velocities embedded in a
symmetric flow profile. If the measured
wind vectors associated with the apparent
variety of cloud features just to the south of
the equator are some admixture of the ef-
fects of mass motion and westward phase
drift, then the north equatorial plumes
might themselves have a westward phase
velocity somewhat in excess of 30 m sec ™.

Although the latitudinal asymmetry in
the measured wind profile may be a real
indication of differential mass motion at the
same altitude, the relative drift of the south-
ern plume is difficult to discount except
perhaps as a marker of slower motion at a
higher elevation. The combined effect of
differential cloud elevation and vertical
wind shear (cf. Maghales et al. 1987, Li-
maye 1987) is only crudely constrained by
presently available measurements. The
thermal wind analysis of Voyager IRIS data
by Gierasch et al. (1986) indicates that the
vertical shear above the cloud deck at this
latitude amounts to less than 40 m sec™! per
scale height while Coffeen’s (1974) analysis
of Pioneer polarimetry data implies that the
range of variation of the upper cloud levels
across Jupiter’s equatorial zone is much
less than a scale height. Although these es-
timates would appear to suggest that differ-
ential elevation and shear are insufficient to
account for all the apparent relative drift in
this region, the limited spatial resolution of
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the thermal data as well as model-depen-
dent uncertainties in the cloud-height anal-
ysis will not admit a firm conclusion. The
considered observational allowances on the
phase velocity are best regarded as crude
characterizations of the plausible limits. Al-
though phase velocities exceeding the max-
imum observed flow speed may be ex-
cluded, for example, phase drifts up to
about half the jet speed probably are not.
Phase velocities much less than mean flow
differences across the jet (~30 m sec™))
may be susceptible to absorption by latitu-
dinal shear.

Perhaps the single most persuasive evi-
dence for wave activity in Jupiter’s equato-
rial atmosphere is provided by the Voyager
radio occultation profiles reported by Lin-
dal et al. (1981). Figure 2 displays the
results in comparison with a Voyager IRIS
profile (with a vertical resolution of about 2
scale heights) and a constant static stability
profile (in log—pressure coordinates, as pre-
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F1G. 2. Temperature profiles for Jupiter’s upper at-
mosphere. The solid curves are from radio occultation
retrievals (after Lindal et al. 1981). The Voyager 1
ingress measurement was taken at 11-12 deg south
latitude and 6268 deg longitude; the Voyager 1 egress
at 0—1 deg north latitude and 307-313 deg longitude;
the Voyager 2 egress at 57-73 deg south latitude and
124-144 deg longitude. The dotted Voyager 1 IRIS
profile was retrieved from the average of 13 interfero-
gram measurements taken during the time of the occul-
tation ingress (supplied by private communication
from Barney Conrath). The dashed curve is for a con-
stant static stability of I'/g = 10 km, chosen to repre-
sent the mean stratospheric profile.
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scribed in Section 3) corresponding to an
ambient temperature

T* = —78°K - exp[—(R/c,)?]
+ 180°K forZ>1, (1)

and appears to be a good mean representa-
tion of the data. (Here R/c, =~ 0.34 denotes
the ratio of the gas constant to the specific
heat at constant pressure.) The Voyager 1
ingress and egress measurements were ob-
tained for near-equatorial latitudes while
the Voyager 2 egress measurement was ob-
tained for high southern latitudes (between
57 and 73 deg). The Voyager 2 high latitude
profile nearly coincides with the assumed
constant stability profile over three scale
heights (between 50 and 2 mbars). The ver-
tical variations of both Voyager 1 equato-
rial profiles indicate a 10°K oscillation over
a wavelength of 3 scale heights. There is
also a suggestion of a second harmonic of
2°K amplitude and a vertical wavelength of
about half a scale height. Figure 3 displays
a comparison of the equatorial profiles with
simple model fits consisting of the two har-
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FiG. 3. Simple model fits to the Voyager 1 radio
occultation profiles. The solid curves are based on
equatorial observations reported by Lindal et al.
(1981) as also shown in Fig. 2. The dashed curves are
simple model fits obtained from the sum of the con-
stant stability profile shown in Fig. 2 and two harmonic
components with amplitude, wavelength, and phase
chosen to match the observations. The large harmonic
is fitted with a wavelength of 3 scale heights and an
amplitude of 10°K, the small harmonic with a wave-
length of 0.5 scale heights and an amplitude of 2°K.
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monics superimposed on the constant sta-
bility profile. Since the occultation retriev-
als are essentially ‘‘snapshots’” of the
thermal structure, they contain no direct in-
formation about wave frequency. They also
contain no specific information regarding
the horizontal wavenumber of the oscilla-
tion, except that the longitudinal resolution
reported by Lindal et al. (1981) will not ad-
mit to the detection of features much
smaller than about zonal planetary wave-
number 100. It is possible that the observed
structure is due to the radiative—convective
equilibrium of some peculiar vertical distri-
bution of absorbing constituents. Appleby
and Hogan (1984) have investigated this
possibility with radiative~convective equi-
librium models but conclude that a some-
what ad hoc alternation of aerosol heating
and cooling with altitude is required to
match the radio occultation profiles and
that the implied energy balance is not obvi-
ously compelling. The remarkable resem-
blance of the simple model profiles in Fig. 3
to the observations at two different equato-
rial locations and for separate phases (by
coincidence nearly 180° apart for the largest
harmonic) would appear to be most plausi-
bly interpreted as a wave-dynamical phe-
nomenon.

3. DIAGNOSTIC WAVE THEORY

The diagnostic analysis of the various pe-
riodic features summarized above may be
approached in terms of the linear wave dy-
namics for an equatorial beta plane. The
effects of planetary curvature on large-
scale motions are accounted for by specify-
ing the latitudinal gradient of the Coriolis
parameter as 8 = df/dy = 2Q/a, where Q
and a are respectively the planetary rota-
tion frequency and radius. Although the
theory is mostly standard (cf. Lindzen
1967 or Pedlosky 1987), for the sake of
clarity and completeness in its present ap-
plication the essential relations will be set
down here. In log-pressure coordinates the
linearized equations for hydrostatic pertur-
bations on an equatorial beta plane with
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constant mean flow advection, horizontal
momentum dissipation, and diabatic heat-
ing read

duldt + U - dul/dx — Byv + dd/ax = Px

(2)
du/ar + U - dv/ax + Byu + 9¢/dy = Dy
(3)
ap/oz — RT =0
4
dulox + avlay + (9182 — w =0
(5)
aT/ot + U - oT/ox + TW/R = Q.
(6)

The symbols and constants to be employed
in the analysis are defined as follows:

t, x,y, 2 =In(py/p) time, eastward,
northward, and
upward coordi-
nates

(wave) geopotential
height, tempera-
ture

eastward, north-
ward, upward
(wave) velocities

U eastward mean flow

velocity (of equa-
torial jet)

n zonal (planetary)
wavenumber

vertical (log — p)
wavenumber, ver-
tical wavelength

c horizontal phase
velocity relative to
mean flow

(Doppler-shifted)
frequency relative
to mean flow

h equivalent depth of

vertical wave
structure

I' = R(3T?/97 + static stability pa-
RT?/cp) rameter

T? ambient static tem-

perature

o = (n/a)c
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Dx, Dy horizontal (x and y)
momentum dissi-
pation (or driving)
Q diabatic heating (or
damping) rate
planetary rotation
frequency (Jovian

System III)
(equatorial) plane-

tary radius
(equatorial) beta

parameter
gravitational acceler-
ation (for equato-
rial zone)
gas constant (for a

Jupiter H,-He

mixture)
specific heat at con-

stant pressure

(Jupiter mixture)
reference pressure

level for which

z2=0.

All dependent field variables are taken to
represent wave perturbations. Phase veloc-
ities and frequencies will be referenced
with respect to the mean flow of the equato-
rial jet. Westward (or easterly) phase veloc-
ities will be taken to correspond to negative
values for both ¢ and o, so that the zonal
planetary wavenumber n may always be
taken as positive. The diagnostic applica-
tion of Eqgs. (2)—(6) to the separate observa-
tional constraints on the vertical and hori-
zontal structure of planetary wave
phenomena is facilitated by the initial ne-
glect of forcing, dissipation, and shear.
Some of the effects of these will be consid-
ered in Section 5 but without a substantial
alteration in the diagnostic assessment of
the wave dispersion properties. The a priori
neglect of horizontal shear is required in
order to maintain a tractable diagnostic
analysis but may be partly justified by the
observation that the plumes are meridio-
nally confined without a region of the equa-
torial jet where the integrated horizontal
shear amounts to less than 45 m sec™".

Q=1.76 X
104 sec!

a=7.14 x 10" m
B =493 x 1012

m~! sec™!
g = 23 m sec™?

R =3.7 X 103 m?
sec™2 °K~!

¢ = 1.1 X 10 m?
sec 2 °K™!

po = 140 mbars
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With 9x = Py = Q = 0, and assuming
solutions harmonic in time and longitude of
the form ed0t—c) where n is the zonal
planetary wavenumber and ¢ the horizontal
phase velocity relative to the mean flow
speed U, Eqgs. (2)-(6) may be reduced to a
single equation in v:

(-t
ay a c
3 (By)* — (cnla)* dv _
+(52— 1)———F—a—2—o. )

‘Now the horizontal and vertical structure
may be separated by setting

vy, D =2 by - Giald. ()

The horizontal structure is then determined
(for each choice of j) by

dxy + [(cn/a)2 — (By)?
dy? gh

~B—war|u=0. ©

where gh has been introduced as the sepa-
ration constant. (/4 is called the ‘‘equivalent
depth’’ and corresponds to the thickness of
an incompressible fluid with the same hori-
zontal structure properties. Although the
introduction of the gravitational accelera-
tion parameter is not essential here, the
equivalent depth nomenclature serves to
emphasize the relationship between the
present analysis and the standard ‘‘shallow
water’’ theory as well as many of the refer-
enced studies of terrestrial meteorology.)

The equation for G is simplified by the
transformation

X = e~ % %2(5 (10a)
or equivalently
G=—h-et? (Z,—; - % x) (10b)

so that the vertical structure equation may
be written as

d*x (F 1

Y o
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Vertical propagation will therefore occur for
0 < h < 4I'/g, with a vertical wavelength
(for a fixed static stability) of u = (I'/gh —
D12, Otherwise the wave is vertically
trapped. With an ambient static tempera-
ture given by (1), the same as the dashed
model curve plotted in Fig. 2, I'/g = 10 km.
Then with a vertical wavelength of 27/u =
3 scale heights in the lower stratosphere, as
evidenced by the radio occultation retriev-
als, an equivalent depth of 2 = 2.2 km is
indicated, while the smaller harmonic with
2@/u = 0.5 scale heights corresponds to
h = 0.06 km. At upper tropospheric levels
around 300 mbars the static stability may be
estimated from the IRIS and radio occulta-
tion retrievals as I'/g = 2 km. Then the ver-
tical wavelength for & = 2.2 km at this level
amounts to several scale heights and, even
for h =~ 0.06 km, is greater than one log-
pressure interval, consistent with the ab-
sence of oscillatory structure in the re-
trieved tropospheric profiles. At still deeper
tropospheric levels, the static stability may
be expected to be even smaller as the ambi-
ent lapse rate approaches the adiabat so
that I'/g < h/4. There the wave fields will
be approximately constant with altitude
above their level of excitation or trapping
and presumably exponentially damped be-
low.

The horizontal structure equation (9), has
the same form as the Schroedinger equation
for the harmonic oscillator and the (normal-
1zed) solutions

W = (4w 2712 - e~ "2H (),
with n = (8/Vgh)'?y, (12)

where the Hi(n) are the Hermite polynomi-
als,withj=10,1,2,. . . (Hy=1, H = 279,
H, = 4n* — 2, etc.) The associated eigen-
condition for the decay of solutions as n —
*ow s

(@) [(cn/a)2 B

3 2oh e (n/a)z] =2+ 1.
(13)

The meridional solutions to the horizon-
tal structure equation (9) will evidently de-
cay with increasing y in regions where the
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Fi1G. 4. The approximate meridional trapping scale
(in degrees latitude) vs the equivalent depth (in km) for
the j = 0, 1, and 2 modes on a Jovian equatorial beta
plane.

term in brackets is negative which, by com-
parison with the eigencondition (13), occurs
for all y in excess of the value given by

yi= Q2+ DVgh/g. (14)
Figure 4 displays the variation of this me-
ridional trapping distance, converted to de-
grees latitude, as a function of the equiva-
lent depth for j = 0, 1, and 2. This shows at
once that for the j = 1 and 2, 2 ~ 2 km
modes, the meridional decay scale is ap-
proximately 9 deg, in good agreement with
the observed latitude of the plume centers.
For & ~ 0.06 km and the same choices for j
it is only about half their equatorial offset
distance. (The full meridional shape of the
geopotential and vertical velocity eigen-
functions will be illustrated below.)

The eigencondition (13), rearranged in
the form of the dispersion relation prescrib-
ing the wavenumber dependence of the hor-
izontal phase velocity for all the equatorial
wave modes, reads

2j + 1)Ba? c
Y ]M@)

B _ o s
wven

&) -
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This fortuitously includes, for the choice of
Jj = —1, the Kelvin mode not covered by (7)
for which the meridional velocity every-
where vanishes. (The vertical structure
equation is the same.) The general disper-
sion relation includes gravity waves, for
which inertial accelerations are balanced by
buoyant stability to vertical displacement,
as well as Rossby waves, for which the in-
ertial balance depends instead upon the
planetary vorticity gradient 8 over the am-
bient field of latitudinal excursions. For
midlatitude motion systems gravity waves
are typically restricted to small-scale oscil-
lations with frequencies much greater than
the local Coriolis parameter f = 2} sin A,
while the large-scale Rossby waves (of hor-
izontal wavelength L ~ a/n) have much
lower frequencies, comparable to f - (L/a).
Within the equatorial trapping region,
where the Coriolis parameter is very small,
the two types of waves are more essentially
convolved. It is useful, however, to con-
sider in detail the distinctive dispersion
properties of individual modes correspond-
ing to the different choices of the meridio-
nal structure index j.

Jj = —1. For this choice (15) has only the
one physical solution (consistent with
bounded behavior of the wave fields) corre-
sponding to the eastward propagating Kel-
vin wave with a phase speed

CKelvin = Vgh. (16)
This mode is exactly nondispersive (with a
phase speed independent of the zonal
wavenumber) and resembles a shallow wa-
ter gravity wave of depth 4. Its meridional
structure is that of a Gaussian, maximum
on the equator, with an e-folding scale of
[2Vgh/B]"? and a half-width at half-maxi-
mum amplitude very nearly the same as the
decay scale for the j = 0 mode shown in
Fig. 4.

j = 0. For this choice Eq. (15) yields one
nonphysical root corresponding to a west-
ward Kelvin mode which is excluded by the
divergence of the associated wave field
with latitude. The physical solutions, called
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the mixed Rossby-gravity or Yanai modes,
are given by

CYanai
= (Vgh/2)[1 = (1 + 4Ba/n*\V gh)"].
(17)

With the positive choice for the square root
the phase speed is eastward and greater
than the Kelvin speed which it asymptoti-
cally approaches in the limit of high zonal
wavenumbers. With the negative square
root the phase speed is westward and as-
ymptotic to the short wave (large ») limit
for Rossby waves discussed below.

j = 1. For this choice of j Eq. (15) yields
two inertia—gravity modes, one propagating
to the east, the other to the west, and one
westward Rossby mode. These modes may
be separately considered as follows. (The
validity of the separation may be verified
afterward from the indicated values for the
phase speeds.)

(a) For the inertia-gravity case the
phase speeds are given approximately by
the balance between the first two terms of
(15) so that

C1-G
= +\Vgh[l + (2j + 1)Ba?/n*Vgh]'2.
(18)

The magnitude of the phase speed in this
case is always greater than the Kelvin
speed which it asymptotically approaches
in the limit of large n, the same as the high
zonal wavenumber limit of midlatitude iner-
tia—gravity waves.

(b) For the equatorial Rossby mode the
phase speeds are given by the balance be-
tween the last two terms of Eq. (15) so that

—Ba?/n?
1 + @ + DBa?/n*Vgh '

(19)

CRossby =

These are exclusively westward phase
speeds with much lower frequencies (for
the same equivalent depth) than the Kelvin
and inertia—-gravity modes. In the short
wave limit cgosshy(n — ©) = —Ba*/n?, inde-
pendent of the equivalent depth. In the long
wave limit crogshy(n — 0) = —Vgh!/@2j + 1),
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so that for the gravest (j = 1) mode large-
scale Rossby waves have a westward phase
speed independent of Ba? and nearly one-
third that of the eastward Kelvin waves of
the same equivalent depth.

The dispersion relations for the horizon-
tal phase speed as a function of the zonal
planetary wavenumber n are displayed in
Fig. 5 over a range of several decades in the
equivalent depth and forj = —1, 0, 1, and 2.
(The ordinate gives the absolute value of
the horizontal phase velocity.) This graphi-
cal ‘‘atlas’’ of equivalent depths over n and
lc| is a useful template for the diagnostic
assessment of the modal character of the
observed periodic variations in Jupiter’s at-
mosphere. Smith ef al. (1979a) have re-
marked that since atmospheric wave veloc-
ities are strong functions of wavelength, the
agreement between measured velocities for
features of different scale suggests that
mass motion rather than wave propagation
is observed in the Voyager imaging. Figure
5 shows, however, that in addition to the
exactly nondispersive Kelvin solution, the
Rossby modes are nearly nondispersive
(with a phase speed only weakly dependent
on the wavenumber) for equivalent depths
less than about 3 km and n < 15, as are the
eastward Yanai and inertia—gravity modes
for equivalent depths greater than about
0.03 km and n > 50.

The horizontal phase speeds for the Kel-
vin (j = —1) and eastward Yanai (j = 0)
modes with & ~ 2 km and n < 15 are all in
excess of any cloud-tracked speeds ever
observed on Jupiter. The phase speed for
the highly dispersive westward Yanai
mode, for & = 2 km and n = 12, amounts to
about 100 m sec™! and may also be ruled out
as a likely candidate for any wave field as-
sociated with the north equatorial plume
pattern. (Consistency with the cloud-
tracked drift speeds would otherwise re-
quire a north equatorial velocity in excess
of 200 m sec™!.) Similarly, for the case of
j = 1and 2, the inertia—gravity modes may
also be ruled out for a comparable equiva-
lent depth and zonal wavenumber, again on
account of apparently unrealistic phase
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speeds. The associated j = 1 and 2 Rossby
modes, however, have (westward) phase
velocities comparable to the observational
constraints. For 4 = 2 km and n < 20, these
are between 25 and 75 m sec™!. Forj = 1,
h = 2.2 km, and n = 13, for example, the
Rossby speed is 50 m sec™!. The j = 2
Rossby mode has a smaller phase velocity
than the j = 1 mode for the same choices of
equivalent depth and wavenumber and
might be vulnerable to critical layer absorp-
tion either by horizontal or vertical shear in
the equatorial jet.

To the extent that the south equatorial
plume feature can be identified with a linear

n = 1 wave mode, similar considerations
again lead to the Rossby wave as the pre-
ferred choice. Withj =1, 4 =2.2km, and n
= 1, the Rossby speed is 75 m sec™!, in
good agreement with Maxworthy’s (1985)
estimate of its phase velocity. For the
smaller vertical structure harmonic inferred
from the radio occultation profiles, with 4
=~ (.06 km, the phase speed relations dis-
played in Fig. 5 suggest that for sufficiently
large n the eastward Yanai and inertia—
gravity modes are both possible identifica-
tions. One or more of these are plausible
identifications for the south equatorial
chevron features (cf. Fig. 1) with n > 50.
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Thermal and visual features may be ex-
pected to trace the variation of some com-
bination of the geopotential, temperature,
and vertical motion field of the waves more
than the meridional velocity as employed in
the horizontal structure equation above.
The full solutions for these are somewhat
elaborate but are summarized in Appendix
A. Their latitude of maximum amplitude
depends not only on the equivalent depth
but also, for j > 0, weakly on the zonal
wavenumber. As a representative illustra-
tion, Fig. 6 displays the relative meridional
structure of the geopotential height field as-
sociated withaj = 1, n = 12, h = 3 km
Rossby mode and the j = 0, n = 12, h =
0.038 km westward Yanai mode, along with
the j = 1 and 2 eastward inertia—gravity
modes for n = 100 and # = 0.038. The ei-
genfunction amplitudes have been arbi-
trarily normalized to unity at their maxi-
mum values. (Although the occultation pro-
files indicate a smaller relative amplitude
for the stratospheric propagation of the
smaller harmonic, these are probably con-
strained there by wave-breaking effects, to
be considered in Section 5, and may there-
fore differ from the true relative amplitudes
at depth.) The latitudes of maximum ampli-
tude scale roughly as the fourth root of the
equivalent depth (for the same zonal
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wavenumber and meridional structure in-
dex).

An especially interesting property of the
Yanai wave is the antisymmetry of its pres-
sure, temperature, and vertical velocity
fields, as in the example shown in Fig. 6.
Hunt er al. (1981) have suggested that the
latitudinal asymmetry of the plumes may be
attributed to the disruption of their diabatic
driving to the south of the equator by the
Great Red Spot. Whatever its source, how-
ever, the linear response to an asymmetric
forcing can be analyzed as a superposition
of a symmetric and an antisymmetric mode
with the same phase velocity and
wavenumber. As a speculative example,
chosen to minimize the discrepancy with
the diagnostically inferred equivalent
depths, the # = 3 km Rossby mode and & =
0.038 km Yanai mode have the same phase
velocity for zonal wavenumber 12. The
equatorial asymmetry of the south equato-
rial chevrons might represent the superpo-
sition of an even and odd j index gravity
mode with the same equivalent depth and
zonal wavenumber (n ~ 100), with nearly
identical short-wave phase speeds. Al-
though Fig. 6 shows that the conjectured
antisymmetrization of modes is imperfectly
matched in latitude, this may be modulated
by the neglected effects of latitudinal shear.
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Fi1G. 6. The meridional structure of the geopotential height field associated with the & = 3 km, n =
12,/ = 1 Rossby mode, the & = 0.038 km, n = 12, j = 0 westward Yanai mode, and the # = 0.038 km,
n =100, j = 1 and 2 eastward inertia—gravity modes. The relative amplitudes of the eigenfunctions are

normalized to unity at their maximum values.
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Despite the uncertainties, the spatial
structure and phase speed of the h ~ 2—4
km Rossby mode uniquely satisfies the in-
ferred observational constraints on the
wave-dynamical interpretation of the
plumes. In particular, the associated merid-
ional structure, as exhibited in Figs. 4 and
6, in comparison with the observed latitudi-
nal offset of these features, strongly corrob-
orates their identification as j = 1 Rossby
modes with a vertical structure comparable
to the large harmonic of the radio occulta-
tion profiles. The smaller vertical structure
harmonic in the occultation profiles may be
interpreted as an equatorial gravity mode.
Although the gravity modes may be plausi-
bly associated with small scale cloud struc-
tures, this identification is somewhat specu-
lative.

4. A VERTICAL STRUCTURE MODEL

The possible maintenance of the diagnos-
tically inferred wave modes may be investi-
gated with a simple four-layer model for the
vertical structure. A schematic representa-
tion is presented in Fig. 7. Each layer is
assumed to have a constant static stability.
The uppermost layer (A) represents the re-
gion above the 140-mbar tropopause (2 = 0)
level, where T'y/g = 10 km as observed.

Stratosphere
Layer

altitude

temperature

Troposphere
Layer

Stable sandwiched layer

Deep Adiabatic
Layer

’ tropopause
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The layer (B) immediately below is as-
sumed to be very weakly stratified, so that
I's/g < h/4 and may be approximated as I'y/
g =~ 0. At a depth d (scale-heights) below
the tropopause there is assumed to be a thin
layer (C), of thickness §, with a stability
large enough to support vertical oscillations
so that I'c/g > h/4. Such a layer might be
supported by the condensation of a massive
water cloud, assuming the effect of the Jo-
vian moist convection on the large-scale en-
vironment is similar to the terrestrial cumu-
lus dynamics. (A parametric estimate of the
possible stability, based on simple consid-
erations of the moist thermodynamics, will
be described below.) At levels below the
assumed stable layer there is a deep adia-
batic layer (D), for which I'y = 0, plausibly
maintained by the planet’s internal convec-
tion. This model has been chosen as the
simplest possible representation of a verti-
cal structure, consistent with the strato-
spheric observations, including a deep sta-
ble region, which can act as a (leaky) duct
of almost free oscillations. A somewhat dif-
ferent wave duct model has been proposed
by Flasar and Gierasch (1986) for the trap-
ping of very small-scale (n ~ 1000) gravity
waves near Jupiter's ammonia deck by ver-
tical wind shear. In their paper the term

I‘A/g x 10 km

(2=

-2

rDzO

FiG. 7. Schematic illustration of the four-layer vertical structure model for the computation of
trapped-free equivalent depths. (See text for details.)
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*“‘trapping region”’ refers to the evanescent
layer above the stable duct, while this study
adopts the somewhat different terminology
of the ‘‘stable trapping layer’ in reference
to the duct itself. Although it is not clear
whether their assumed model is compatible
with the one adopted here, the two may
pertain only to entirely different space and
time scales for the motion.

Solutions to the vertical eigenvalue equa-
tion (11) for the assumed vertical structure
model may be written as

( AW/EeiiMz

for 2>0 (20a)
Bye*?? + Bye~i?
ford —d<2<0 (20b)

=<
X Cle+i#c(z‘+d—5) + Cze*iltc(f*-d—ﬁ)

for —-d<2<8-d (200
De+(z‘+d)/2
for 2 < —d. (20d)

The solution for layer A is written so as to
satisfy the ‘‘radiation condition”’ of outgo-
ing energy flux as £ — . This requires the
choice of the positive (or negative) sign in
the exponential for westward (or eastward)
waves with amplitude coefficient Ay, (or
Ag). (For a further discussion, see Chapter
2 of Holton 1975.) The solution for layer D
Is written so as to satisfy the ‘‘evanescent
condition’’ of vanishing amplitudes for Z —
—o. In addition, it is necessary to impose
as boundary conditions at each of the layer
interfaces the continuity of x and its first
derivative. (These are equivalent to requir-
ing the continuity of normal velocity and
geopotential.) Then after some algebra the
resulting compatibility condition for the
vertical eigenvalue problem becomes

Mc —(d—
2_l=[1+e(‘””
MHe — 1

(s + HE + pd)

(Zipa — DG — ud)

which, for d — & » 1, T¢c/g > h/2, accu-
rately reduces to

| tanwes) @)
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pe = (u& — ) tan pcd,
with uc = (Tc/gh — H12. (22)

As long as the difference between the depth
of the stable layer and its thickness is much
larger than a pressure scale height, the ei-
genvalue problem for the equivalent depth
is effectively independent of the stability of
the upper (stratospheric) layer. Due to the
periodicity of the tangent function, this has
an infinite number of eigenmodes. There is
a degenerate solution, corresponding to
uc = 0, but by application of the boundary
conditions to the general solution (20) is
seen to correspond to vanishing wave am-
plitudes. Figure 8 displays the first two non-
trivial values for the equivalent depth, de-
noted Ay and Ay, for a selected range of
(I'c/g) and & as computed by the numerical
solution of (22). The asymptotic analysis of
the problem reveals that to fair approxima-
tion, within the range of interest, these two
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F1G. 8. Neutral equivalent depths corresponding to
free solutions of the deep stable trapping model as a
function of the stable layer thickness & (in scale
heights) and the static stability I'./g (in km). The solid
curves are the equivalent depths for the gravest solu-
tion to the vertical structure problem while the dashed
curves represent the second (smaller) solutions. The
two dotted curves indicate an estimate of the possible
static stability for a 2 and 3 solar mixture water cloud,
as a function of the thickness of the negatively buoyant
depth.
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modes are also given by the simple alge-
braic expressions

hy = 8(I'c/g) (23a)

and
hy = (&/m)Tc/g). (23b)

It is of interest to consider the possibility
that these first two modes might represent
the two equivalent depths diagnostically in-
ferred above. With &y = 2 km and A, = 0.06
km, (23) implies 'c/g =~ 6.8 km and 6 = 0.3.
The required stability is several times larger
than that observed immediately below the
tropopause. (Otherwise, vertical trapping
could not occur.) Its magnitude is, how-
ever, within reasonable bounds of a simple
parametric estimate of the total buoyancy
contrast which might be imposed by the
condensation of a roughly solar abundant
water cloud.

Although the moist convection of indi-
vidual parcels is effected within columns of
unstably stratified fluid, the terrestrial ex-
perience suggests that the large-scale envi-
ronment will be stabilized by the resulting
redistribution of heat. As previously sug-
gested by Ingersoll (1976), a similar stabili-
zation of the vertical structure may prevail
within the Jovian water cloud. Unless the
relative humidity of the environment is
fully 100%, a ‘‘conditionally unstable’’ par-
cel must first attain its ‘‘lifting condensation
level,”” where it is saturated by its con-
densed vapor, before it becomes positively
buoyant. For vertical excursions over
lesser altitudes the parcel is therefore nega-
tively buoyant (or positively stable). Sev-
eral numerical examples under Jovian
conditions for a variety of assumed
environmental humidities have been
worked out by Stoker (1986), based on a
one-dimensional cloud parcel model. The
theory of moist convective disturbances
(e.g., Lilly 1960) suggests, however, that
conditional instability favors the smallest
horizontal scales of motion. This expecta-
tion is corroborated by observations of cu-
mulus dynamics in the terrestrial tropics,
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where the area of active convection is rela-
tively small in comparison to the total, itself
largely dominated by dry subsidence.
Lunine and Hunten (1987) have proposed a
similar configuration for Jupiter. In this
case the redistribution of latent heat by nar-
row moist-convective updrafts and the sur-
rounding dry subsidence will warm the top
of the cloud layer, while cooling levels be-
low. The net result, on the large scales of
motion exhibited by planetary wave dy-
namics, is an environmental lapse rate typi-
cally intermediate between the moist and
the dry adiabats (cf. Ludlam 1980.) Vivid
examples of observed moist-convective
systems in the terrestrial tropics are re-
ported, for example, by Ogura and Cho
(1973) and Lord and Arakawa (1980). Ow-
ing to the enormous separation of scales,
prognostic weather models are unable to
explicitly calculate the full space-time
structure of cumulus convection as it is
coupled to the large-scale dynamics. The
parameterization of the ensemble cloud
structure requires some closure assumption
as to the actual cloud mass flux, guided by
the observations, and is complicated by un-
certainties in the entrainment, rainout, and
reevaporation rates. A general discussion
of this problem, as well as the moist-con-
vective parcel dynamics, is given in the
textbook by Haltiner and Williams (1980).
Del Genio and McGrattan (1988) have ap-
plied a state-of-the-art cumulus convection
scheme, tested against terrestrial observa-
tions, to Jovian conditions. Their results
suggest that the moist-convective transport
required to support the planet’s internal
heat flux will indeed stabilize a layer near
the water condensation level, by an amount
depending somewhat upon the assumed ini-
tialization and the rate of reevaporation of
falling condensate.

Gierasch and Conrath (1985) provide a
simple parametric estimate for the moist
stabilization of the vertical structure based
upon a consideration of the combined ef-
fects of the differentiation of mean molecu-
lar weight (Am/m) = fy,o - (m,/m) and the
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change in temperature due to latent heating
(AT/T) = fuo * Li/cpT.. (Here m = 2.2 de-
notes the mean molecular weight, m, = 18
the molecular weight of water, fi,0 the wa-
ter molar fraction, L, = 2.1 x 107 J kg !its
molar latent heat of vaporization, and T, =
290°K the condensation temperature.) For
the case of a Jovian hydrogen—helium mix-
ture enriched in oxygen by a factor (fy,0/f0)
over the solar abundance value (f5 = 1.5 X
1073), the recipe of Gierasch and Conrath
yields a total buoyancy contrast

b = (Am/m) + (AT/T) = 0.019 - (fu,0/fo).
(24)

If distributed over a thickness &, this corre-
sponds to an effective static stability

Cclg = bHIS = (fu,0/fo)(0.8 km)/&  (25)

(where H is the pressure scale-height, taken
as 44 km near the water cloud). It should be
emphasized that this recipe can only be re-
garded as a plausible order-of-magnitude
estimate of the possible effects of a compli-
cated process, the details of which are still
largely unknown.

Figure 8 displays as dotted curves the es-
timated water cloud stability I'c/g as a func-
tion of & according to (25) for molar en-
richments of 2 and 3 times the solar
composition value. The two curves are
seen to bracket the & = 2 km eigenvalue for
all 8§ = 1. With a water condensation pres-
sure greater than 6 bars, d = 4 so that solu-
tions to (22) will be valid approximations to
the vertical eigenvalue problem for all 6 =
1. If the effective large-scale stabilization is
supported over the full height of towering
cumulus convection, & might be of order
unity. Alternatively, if supported by a shal-
low stratiform configuration, & - H could be
as small as the saturation scale height, as
estimated from the Clausius—Clapeyron
equation, with & = c¢,T(m/m,)/L = 0.2
roughly independent of the molar enrich-
ment factor (cf. Barcilon and Gierasch
1970). The numerical model resuits of Del
Genio and McGrattan (1988) imply moist
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stabilization over a depth of a scale height
or less above the condensation level, but
with an associated buoyancy contrast
somewhat less than the assumed limiting
value of Gierasch and Conrath given above,
depending upon the details of the convec-
tion. A supersolar abundance of water may
therefore be required in order to account
for the assumed stable trapping layer.

The actual Jovian water abundance is un-
fortunately a poorly constrained feature of
the model. Recent work by Bjoraker et al.
(1986) suggests a substantially subsolar wa-
ter abundance at infrared (5 um) sounding
levels above 7 bars, but with large inferred
vertical variations, increasing with depth
by a factor of 10 from 4 to 6 bars. If these
levels were really below the cloud base as-
sociated with a globally depleted water
abundance, a uniform mixing of vapor
would be expected to prevail there. The ra-
diative transfer analysis of the Voyager
IRIS data by Carlson et al. (1988) indicates,
however, that the water abundance below
the cloud base is at least as great as the
solar composition value. Studies of Jupi-
ter’s equilibrium chemistry conclude that
global depletions of water are incompatible
with the observed abundances of nitrogen
and carbon which are best fitted by a solar
enrichment factor of about 2 (cf. Carlson et
al. 1987, Fegley and Prinn 1988). Models of
the Jovian interior by Hubbard and Marley
(1989), optimized to match the planet’s
gravitational harmonics, also imply a solar
water abundance for its hydrogen enve-
lope. The real situation may include a lati-
tudinal differentiation of the water in re-
sponse to the large-scale dynamics (cf.
Barcilon and Gierasch 1970), perhaps with
an equatorial enrichment of the actual
global abundance. In situ measurements of
the deep thermal structure, cloud proper-
ties, and water abundance of Jupiter’s
north equatorial zone will be provided by
the Galileo entry probe.

One other feature of the vertical struc-
ture model is worth mentioning here. If the
large-scale wave fields, including the verti-
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cal velocity, are to be vertically coherent
over the full depth of the troposphere (that
is, if they are not to change sign for all Z < 0
at a given instant of time), then the thick-
ness of the stable trapping layer must be
less than one-half a vertical wavelength
there, given as 7m/uc = w/(L'c/gh — H'2. (Al-
though there is no observational constraint
on this condition, the requirement will be
relevant to the consideration of diabatic
forcing as discussed in the next session.)
By application of the approximate analytic
solutions (23a,b), it is evident that the re-
quirement is strongly satisfied for the hq
mode for all § = 1, but only marginaily met
for the h; mode, for which uc = /8.

To summarize the model results, the
larger equivalent depth of & = 2 km, diag-
nostically inferred from correlative Voy-
ager observations and interpreted as a
zonal wavenumber 12 Rossby wave, is
plausibly supported as a nearly trapped
free, vertically coherent oscillation within a
deep stable water cloud with a roughly
three times solar (or perhaps larger) mixing
ratio of oxygen. If the thickness of the sta-
ble region is only slightly greater than the
condensation scale height, the same layer
will also trap a second equivalent depth
comparable to A; = 0.06 km as inferred for
the smaller harmonic structure in the occul-
tation retrievals.

5. FORCING AND DISSIPATION

Although the results of the previous
section suggest that equatorial planetary
waves associated with the plumes might be
supported by the vertical structure as
nearly free modes, some forcing mecha-
nism is still required to replenish their
‘“‘leaky’’ propagation up through the strato-
sphere above. Possible sources for plane-
tary wave forcing include diabatic heating
and horizontal exchanges of momentum.
Although these processes are poorly con-
strained by the available observations it is
nevertheless instructive to consider their
effects as weak corrections to the diagnosti-
cally inferred eigenmodes.
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Hunt et al. (1981) have suggested that the
equatorial plumes may be generated by la-
tent heat release associated with wave-in-
duced variations in the deep moisture ficld,
as in the so-called ‘‘wave-CISK’’ process
in the terrestrial tropics (cf. Lindzen 1974a,
Hayashi 1970). ‘‘CISK”’ is an acronym for
‘“‘conditional instability of the second kind”’
and refers to the state of an unsaturated but
conditionally unstable region of atmo-
sphere for which large-scale, low-level con-
vergence and accompanying rising motion
can bring vapor-laden parcels from below
to a level where they are at last convective,
thereby establishing a feedback among hor-
izontal dynamics, clouds, and heating. On
Earth the requisite convergence may be
supported either by swirling friction layers
(as in hurricanes) or by wave compression
(as accompanying periodic cloud clusters
within the Inter-Tropical Convergence
Zone). An explicit model of the forcing re-
quires the external specification of the dia-
batic heating Q in the thermodynamic heat
equation (6). In terrestrial studies Q is often
parameterized in proportion to the vertical
velocity at the top of the subcloud conver-
gence zone and with a vertical variation
given as some form factor based on ob-
served heating rates. Thus specified, the
vertical eigenvalue problem yields a com-
plex-valued equivalent depth which, in
combination with the horizontal dispersion
relations, implies an imaginary part to the
wave frequency, corresponding to expo-
nential growth in time. According to
Emanuel (1987), the actual moist convec-
tion in the terrestrial tropics acts primarily
to redistribute heat already present at the
oceanic surface over the full depth of the
troposphere, but in a way that nevertheless
results in the growth of low-frequency os-
cillations.

In view of all the uncertainties about the
Jovian water cloud and the dynamical ef-
fects of a nonrigid lower boundary there, it
may be premature to apply an explicit cu-
mulus heating (or convective redistribu-
tion) model to the analysis of Jupiter’s
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equatorial plumes. It is possible that the di-
abatic forcing is actually supplied by the la-
tent heat release associated with ortho—
para hydrogen convection (cf. Conrath and
Gierasch 1984). As pointed out by Lindzen
(1974a), however, the relative growth rates
for diabatic driving may be estimated using
the already derived horizontal dispersion
relations, provided the forcing occurs
“‘near neutral stability’’ with an imaginary
equivalent depth that is small compared to
the real values inferred above. Then with
h = h, + ih; (using subscripts “‘r’’ and
“i”” to denote real and imaginary parts),
(\/§h)i ~ (h;/2h,)V gh, and the growth rates
are given by the Taylor expansion

~ (hi/2h)(Vghy) - [da/dV gh:], (26)

where o, = (n/a)c. In this near-neutral limit
the estimate of the relative growth rates
therefore does not depend upon the details
of the forcing (nor is necessarily restricted
to moist convection).

For Kelvin waves, the imaginary part of
the frequency is then given by application
of (16) to (26) as

oi(Kelvin) =~ (hi/2h;) - (nla)V gh:.
For Yanai waves

1k
+ZF V h

{n 1 [2Vgh(n*/a®) + 48]
. — i —_
a” 2[gh(ntla® + 48V gh,]'"?

with the + sign for eastward propagation,

and the — sign for westward propagation.
For inertia—gravity waves

@7

gi(Yanai) =

} (28)

oi{(I-G) = iZ h— ' \Vgh,

[2(n*/a®)V gh: + B(2j + D]

(Pladgh, + BRj + DVgh ]2 @)
For Rossby waves
oi(Rossby) = —= = \/
,32(2] + D(n/a)/ gh, (30)

(n2a?) + BQRj + DIVeh P
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Figure 9 displays the corresponding relative
growth rates for A, = 2 km as a function of
the zonal planetary wavenumber n. For a
fixed choice of h, and #;, the growth rates
for the Kelvin, eastward Yanai, and iner-
tia—gravity modes increase indefinitely with
zonal wavenumber, while the westward
Yanai mode maximizes at wavenumber
zero. Several studies of terrestrial wave-
CISK have devoted considerable effort to
understanding how these two limits might
be avoided, mostly by allowance for a fre-
quency-dependent or phase-lagged forcing
parameter (e.g., Hayashi 1971, Kuo 1975,
Davies 1979). The idea is that high fre-
quency oscillations are less efficiently
heated by the latent heat release than those
with low frequencies, owing perhaps to the
finite convective overturning time within
the cloud clusters. Without introducing a
necessarily somewhat ad hoc model for the
postulated frequency adjustment, it may at
least be verified that except for the low-
wavenumber Kelvin modes, which have
correspondingly small growth rates, the
modes in question have much higher fre-
quencies, by a factor of 10 or so, than the
Rossby modes of the same equivalent depth
over the entire range of wavenumbers. At
any rate, the Rossby modes are the only
ones for which the near-neutral estimate of
relative growth rates give a nonzero but fi-
nite scale selection. For these the growth
rates given by (30) maximize at that value
of the wavenumber n; for which

= [Ba¥(2j + 1)/3Vgh]"?,  (31)

sothatforh =2kmandj=1, n, = 11, in
close agreement with the observed number
of equatorial plumes.

The evaluation of the absolute growth
rates for the Rossby waves requires the
specification of h; as determined from the
solution of the vertical structure equation
with an explicit forcing model. The diag-
nostic requirements for the persistent
stratospheric propagation of the waves,
however, provide an approximate con-
straint on its size. Away from the forcing
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region and within a layer of constant static
stability, the vertical structure solution and
the variable transformation (10) imply that
the wave fields propagate as

u, v, W, d)’ T « e+z‘/2ei(nx/atp.z‘fa-t)' (32)

For unstably growing waves (with complex
equivalent depths) forced near neutral sta-
bility, the vertical wavenumber u =~ (VT/
gh)[1 — i(ki/2h,)] (provided I'/gh, > ).
Wave fields associated with upward energy
transport will therefore penetrate to all
stratospheric elevations provided that

il = (gh2/T)2 =~ 0.9km  (33)

(for h, = 2 km and I'/g = 10 km), consistent
with the near-neutral assumption that 4; <
2h,. If h; were much larger than this, the
wave would decay with height. It could be
smaller, with the vertical wave amplitude

restricted by dissipation or shear. By as-
suming this value as an upper limit, how-
ever, it is possible to estimate the maximum
limiting growth rate for the near-neutral
forcing of the & = 2 km, n = 11 Rossby
modes. (This methodology is analogous to
terrestrial wave-CISK studies in which the
vertical variation of the wave and energy
amplitudes for the calculated forcing is con-
strained by direct observations of the tropi-
cal atmosphere (cf. Hayashi 1970, Davies
1979).) The right-side ordinate of Fig. 9 is
calibrated for this value of 4; and shows a
maximum growth rate of about 1.4 x 1076
sec™! for the Rossby modes, corresponding
to a growth time of about 20 Jovian days.
For comparison, Hunt et al. (1982) report
substantial increases in the bright areas of
the most active equatorial plume features
over periods less than 50 Jovian rotations.
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Diabatic heating may not be an efficient
driver for the smaller equivalent depth of
h; = 0.04-0.06 km, since it only marginally
satisfies the vertical wave coherency condi-
tion as defined in the previous section. This
is supposedly a necessary requirement for
the organization of large-scale vertical mo-
tions and moist convection, since up and
down motions will otherwise compete with
each other within a single column of condi-
tionally unstable atmosphere (cf. Lindzen
1974a). The smaller equivalent depth might
be driven as the near-resonant response of
the Yanai mode with a phase speed and
zonal wavenumber comparable to that of
the north equatorial plumes. Alternatively,
the smaller harmonic may exist as a gravity
mode vertically ducted by the local vertical
shear at the ammonia deck (cf. Flasar and
Gierasch 1986).

The south equatorial plume feature also
fails to find a ready identification as a
diabatically forced mode but appears to in-
teract strongly with the Great Red Spot
(GRS) which, as Hunt et al. (1981) suggest,
may effectively disrupt any organized
moist-convective forcing in this region. It
may be conjectured that the southern
plume arises as the wavenumber-one re-
sponse of an A = 2 km Rossby mode to
meridional exchanges of momentum with
the adjacent GRS latitude.

In the presence of forcing, either by dia-
batic or eddy momentum exchanges, some
form of dissipation is also required in order
to maintain an equilibrated response and
may also affect the vertical propagation.
Chang and Lim (1982) have shown, for ex-
ample, that the equivalent depth of the j = 1
Rossby mode for a given phase speed is
increased by the inclusion of damping as
estimated for the terrestrial tropics. The
strength of the momentum dissipation in Ju-
piter’s deep atmosphere is unknown. Moist
convection in the deep troposphere may
impose a vertical exchange of momentum
as in the cumulus ‘‘friction’” models for
tropical wave motion on the Earth (cf.
Stevens et al. 1977) but cannot be assessed
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from remote sensing data. In the strato-
sphere, however, the breaking of vertically
propagating, large-amplitude waves may it-
self act as a dissipative process and is tenta-
tively indicated by the radio occulation pro-
files.

Wave breaking is expected to occur
wherever the local lapse rate imposed by a
wave exceeds the adiabatic value (cf. Lind-
zen 1981). For a two-component strato-
spheric propagation superimposed upon the
ambient static temperature there, the local
wave-induced thermal profile may be ex-
pressed as

T = T33) + ATet + AT,e?, (34)

where AT, and AT, are the amplitudes of
the two components and g, = 2.1 and u, =
13 are their stratospheric wavenumbers as
indicated by the radio occultation profiles.
The minimum difference between the lapse
rate associated with the two-component
propagation and the adiabatic value is

|dT/d% + RT/cylmn ~ T/R

- AT, — wAT, (35)

(assuming AT, , AT, < T?) which is negative
for

Then with AT; = 10°K as indicated by the
model fit to the radio occultation profile (cf.
Fig. 3), wave breaking will occur for AT, >
3°K, comparable to the amplitude of the
smaller harmonic. Although this may be a
slight overestimate of the minimum ampli-
tude in the presence of wind shear, it never-
theless indicates the plausible occurrence
of wave breaking in the Jovian equatorial
stratosphere.

Assuming that wave breaking is occur-
ring, it is of interest to estimate the strength
of the associated turbulent dissipation.
There is an established procedure for this
based upon the assumption that wave
breaking generates an effective eddy dissi-
pation analogous to molecular diffusion
which acts to cancel the exponential growth
of the amplitudes with altitude (cf. Hodges
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1969, Hines 1970, French and Gierasch
1974, Lindzen 1981). According to this
model, the dissipation terms in (2), (3), and
(6) may be parameterized as

cddy 07
Bx, Dy, Q = %‘*‘;1 FYs u,v, T), (37

where veqqy denotes the coefficient of eddy
viscosity (in cm?/sec) and H is the scale
height. The inclusion of these terms in the
momentum and heat equations is equiva-
lent to including an imaginary contribution
to the phase speed so that

(38)

where ¢, denotes the real part (as estimated
for an undamped wave). Substitution into
the dispersion relations gives, after
straightforward manipulation (exploiting
the assumed relative smallness of the imagi-
nary contribution),

¢ = ¢ + ila/nH)pu veady

(39)

The same expression may be obtained for
long-wave Rossby modes (although ¢ and u
are different in that case). Then the eddy
viscosity generated by stratospheric wave
breaking may be crudely estimated by spec-
ifying the size of this so as to just cancel the
effect of the exponential variation of the
wave solutions with altitude as in Eq. (32)
above. When, according to arguments pre-
sented by Lindzen (1981), allowance is also
made for the additional vertical variation of
the amplitudes as a result of vertical wind
shear, this becomes

Veady ~ |ncH?2ap’|[1 + (3/c)(dU/dZ)].

wi = —(a/ncH?)p vegay -

(40)

The numerical factor for the wind shear
term arises from the analysis of the WKB
solution for the vertical structure, account-
ing for a slow variation of the vertical
wavenumber in response to the Doppler
shifted phase speed. (Although Lindzen’s
treatment is specifically developed for in-
ternal gravity modes, a similar analysis may
be performed for the long-wave equatorial
Rossby modes with the same result, when
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expressed in the form given here.) Accord-
ing to this recipe, the requisite size of the
eddy viscosity for the vertical attenuation
of the amplitudes of eastward propagating
modes is somewhat reduced by the pres-
ence of negative vertical shear. If —dU/dZ
becomes as large as c/3, the amplitudes of
eastward gravity modes would be con-
strained without any eddy mixing. For the
westward propagating Rossby modes, how-
ever, negative vertical shear only exacer-
bates the dissipation required according to
this estimate.

For an n = 100, & = 0.06 km (p = 13)
eastward inertia—gravity mode, Eq. (40)
yields, in the absence of shear, a maximum
value of veqqy ~ 7 X 10* cm? sec™!. If the
Rossby mode is also breaking, then with
n =12, h = 2 km, and u = 2, Eq. (40)
implies a somewhat larger value of ycaqy
~2 X 10% cm? sec™!, although this would
only be applicable to motions with a verti-
cal extent greater than a scale height. It is
comparable, however, to the equatorial
eddy diffusion coefficient at the homopause
(near the microbar pressure level) esti-
mated by Atreya et al. (1981), based on the
analysis of Voyager UVS stellar occulta-
tion data. In the absence of strong vertical
shear, the equatorial Rossby waves may
therefore propagate to very high levels be-
fore they are attenuated. Stratospheric
wave breaking may contribute to the decel-
eration of the mean zonal flow, as modeled
by Gierasch et al. (1986). Although Lindzen
(1981) has emphasized that the wave decel-
eration process is not adequately repre-
sented as linear Rayleigh friction, the diag-
nostic identification of propagating wave
modes in this study may provide a useful
starting point for further work on this
problem.

If the stratospheric wind decreases
strongly with altitude, the Rossby waves
will be absorbed at their so-called critical
level, where the vertically integrated shear
exceeds the reference phase velocity be-
low. Above such a level the westward
phase drift can no longer prevail as a verti-
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cally coherent structure and the wave will
be torn apart. The persistence of harmonic
oscillation over some four scale heights in
the radio occultation profiles suggests,
however, that this does not occur in the
lowest part of the stratosphere. Short of a
critical level, the Rossby frequency and
phase speed will undergo a vertically vary-
ing Doppler shift, with the equivalent depth
no longer constant but decreasing with ele-
vation in order to satisfy the horizontal dis-
persion relation. The analysis of the verti-
cal variation of amplitudes and energy in
this case is necessarily elaborate (cf. Lind-
zen 1972) and surpasses the present obser-
vational definition of the problem. The va-
lidity of the simple four-layer vertical
structure model also demands that the dif-
ference in the wind velocity between the
cloud-tracked level and the assumed stable
trapping layer be less than about 50 m
sec” !, Otherwise, critical level absorption
would probably prevent any waves verti-
cally ducted at deep levels from propagat-
ing into the stratosphere. While the possi-
bility of a very weakly sheared zonal flow,
extending to a depth of several scale
heights below the cloud tops, has been ad-
vocated by several authors (e.g., Ingersoll
and Pollard 1982, Kirk and Stevenson
1987), the requirements might also be satis-
fied for a shallow layer by the deferment of
strong vertical shears to levels just below
the water cloud.

6. SUMMARY AND DISCUSSION

The primary objective of this study has
been the identification of a distinguishing
class of planetary wave modes in interpre-
tation of Voyager imaging, infrared, and ra-
dio science observations of large-scale peri-
odic structure in Jupiter’s equatorial
atmosphere, with special attention to the
equatorial plume features. The comparative
assessment of the horizontal dispersion
properties for linear wave modes on an
equatorial beta plane suggests that the
Rossby modes with a meridional structure
index j = 1 and an equivalent depth of 4 =
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2-4 km are the most plausible interpreta-
tion, consistent with all the observations,
for an equatorially trapped, wavenumber 12
pattern as well as the single (n = 1) plume
feature to the south of the equator. The in-
ertia—gravity modes are also suggested in
interpretation of smaller scale periodic
structure in both the imaging and the radio
occultation data. Although it cannot be defi-
nitely identified, the Yanai mode (with an
equivalent depth 4 = 0.04 km) may arise as
a response to the asymmetric forcing of the
equatorial region. A summary of these ten-
tatively identified planetary wave modes is
given in Table I. In view of the necessarily
imprecise determination of the equivalent
depth, as well as its possible variation with
dissipation and vertical shear, this parame-
ter is given in terms of a range of estimates
suggested by the considerations discussed
above. The vertical wavelength and hori-
zontal phase speeds vary roughly as the
square root of this parameter, while the
meridional structure depends only on its
fourth root.

A secondary objective of this study has
been the identification of plausible mecha-
nisms for the stable maintenance, forcing,
and attenuation of the inferred wave
modes, with attention to what may be
learned about the associated structure of
both the deep troposphere and upper
stratosphere. A simple vertical structure
model with a deep stable trapping layer,
sandwiched above and below by a nearly
adiabatic troposphere, appears to be con-
sistent with the inferred equivalent depths,
provided its effective static stability is as
large as might be imposed by a supersolar
abundant water cloud. Although the de-
tailed effects of this are uncertain, the sim-
ple moist stabilization recipe of Gierasch
and Conrath (1985) demands a water en-
richment of roughly two to three times the
solar abundance value in order to trap the
inferred wave modes in the assumed way.

It is possible that the stability for a shal-
low sandwiched layer could be provided by
the disequilibration of ortho—-para hydrogen
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TABLE I

SUMMARY OF TENTATIVELY IDENTIFIED PLANETARY WAVE MODES IN JUPITER'S EQUATORIAL ATMOSPHERE

Equiv. depth,
h (km)

Planetary
wavenumber, n

Wave mode

Relevant features/ Possible source/driver

observation

(Large-scale plumes and associated thermal structure)

Rossby (j = 1) 11-13 1-5

Rossby (j = 1) 1 1-5

Vertically ducted and
forced (by H,O cloud?)

N. equatorial plumes,
IRIS, Radio Science
data (large harmonic).

S. equatorial plume Vertically ducted (and

driven by GRS?)

(Other features—speculatively interpreted)

Inertia—gravity? 50-100? ~0.06?
U=127
Yanai (j = 0)?? 11-13 ~0.06?

Vertically ducted (by
clouds and/or wind
shear)

Antisymmetric response
to Rossby mode?

Radio science data
(small harmonic),
S. eqtr. “‘chevrons’’?
Equatorial asymmetry (?)

(cf. Conrath and Gierasch 1984) at tropo-
spheric levels above the water cloud, but it
is difficult to assess this idea without better
measurements or models of the coupling of
this process to large-scale motions. Alter-
natively, the diagnostically inferred equiva-
lent depth may be forced rather than verti-
cally trapped as an almost free mode. In the
terrestrial tropics, for example, cumulus
heating may force an equivalent depth, on
the order of 10 m (cf. Lindzen 1974a,b),
much smaller than the free-oscillation value
of ~10 km (cf. Holton 1975). It is difficult,
however, to imagine a more plausible can-
didate for the thermodynamic forcing of the
vertical structure on Jupiter than either wa-
ter condensation or the disequilibration of
hydrogen. In a relevant sense, the adopted
recipe of Gierasch and Conrath (1985) for
the effective static stability of an atmo-
spheric condensate may be regarded as a
parameterization of an essentially diabatic
process.

Although highly idealized, the simple
vertical structure model does corroborate
the plausibility of the 2 =~ 2 km equivalent
depth inferred directly from the large verti-
cal stratospheric wavelength of the radio
occultation profiles and indirectly from the
consideration of the horizontal dispersion

and meridional structure properties of
equatorially trapped planetary waves. It is
of interest that the implied vertical struc-
ture parameter is nearly the same as that
adopted for different reasons by Williams
and Yamagata (1984) and Williams and
Wilson (1988) for their numerical simula-
tion of Jovian atmospheric dynamics with a
“‘shallow water’’ model. These studies as-
sume the midlatitude deformation radius to
be Ly = (Vgh)/Q =~ 1000 km, largely based
on plausible constraints on the drift speed
of solitary vortices, and corresponds to an
equivalent depth & =~ 1 km.

The assumption of linear wave solutions
and the neglect of latitudinal shear are also
obvious limitations for this study but have
of necessity been adopted to maintain a
tractable diagnostic analysis. The nonlinear
study of isolated Rossby voritices by Wil-
liams and Wilson (1988) again offers several
interesting comparisons. Their numerical
experiments suggest that stable anticy-
clones can exist at the equator only with
“Korteweg—DeVries longitudinal form”’
(as nonlinear solitons) but with a latitudinal
structure of the same Hermite polynomial
form as the linear wave modes of this
study. The westward drift realized by the
simulated equatorial vortices is generally
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larger than the linear long-wave limit but
only by about 20%. Williams and Wilson
also calculate the effect on their solutions
of strong latitudinal shear. Their results in-
dicate a latitudinal expulsion of the higher
order (; = 3 and 5) Rossby modes in pro-
portion to the size of the zonal wavenum-
ber, while the low wavenumber j = 1 mode
remains in place, with some meridional
elongation beyond the latitude of its maxi-
mum amplitude. Although the shear of the
equatorial jet assumed by Williams and
Wilson is somewhat larger than observa-
tionally indicated for Jupiter, the results
lend credence to the diagnosis of j = 1
Rossby modes within a horizontally uni-
form flow. The inferred sensitivity of high-
wavenumber modes to expulsion by shear
suggests, however, that the shape of the in-
ertia~gravity modes shown in Fig. 6 may
actually be stretched beyond the indicated
latitude. Williams and Wilson are unfortu-
nately unable to simulate a stable, long-
lived pattern of wavenumber 12 Rossby
vortices. It would be of interest to see how
these experiments might vary with a latitu-
dinal wind profile with positive zonal curva-
ture near the equator as observed, or with
the inclusion of some diabatic forcing to
offset the tendency of vortices to collapse
and coalesce.

The motion of the plumes, with respect
to the ambient, vertically sheared flow,
should be amenable to observational test by
the Galileo atmospheric entry probe, now
targeted for the north equatorial plume lati-
tudes. The comparison of the results of the
Doppler-tracked wind experiment with
cloud-tracked wind determinations by the
orbiter, together with a calibration of visi-
ble cloud levels by the atmospheric struc-
ture instrument, neutral mass spectrome-
ter, and nephelometer on the probe, should
unambiguously distinguish the reality of a
relative phase drift as large as 50 m sec™!.
According to studies by Atkinson (1989) the
accuracy of the probe Doppler wind experi-
ment will be sufficient to distinguish differ-
ences as small as a few meters per second.
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The various probe instruments will also
provide a test of the vertical structure
model, including its assumption of a mas-
sive water cloud. Further radio occultation
measurements of stratospheric temperature
profiles at the equator, if they can be ob-
tained, will also contribute importantly to
the further diagnosis of planetary waves. If
the wave dynamical interpretation is cor-
rect, then these observations may provide
an important window to atmospheric struc-
ture at levels where it may be difficult to
obtain accurate soundings directly, even
with the entry probe. The sensitivity of ver-
tical wave structure to the static stability at
deep tropospheric levels, for example, may
exceed the accuracy of the atmospheric
structure experiment. At stratospheric lev-
els, in contrast, the accurate inference of
the vertical shear of the zonal mean wind
from probe Doppler tracking may require a
careful analysis of the amplitudes of the
horizontal wave motions as constrained by
better determinations of the vertical tem-
perature variations.

APPENDIX: THE COMPLETE y — Z
STRUCTURE FIELDS

In the absence of forcing, dissipation,
and shear, the full solutions for the east-
ward and vertical wave velocities as well as
the geopotential and temperature fields may
be obtained by substituting into the equa-
tions of motion and heat (2)—(6) the solution
for the meridional variable v(y, 7), given by
Eq. (8) in terms of the vertical and horizon-
tal structure variables x and . x is the solu-
tion to the vertical structure equation (11)
while ¢ is given in terms of the Hermite
polynomials as specified by (12). As a
source of reference to the interested reader,
the explicit expressions for the complete
y — £ structure of all five wave fields (in
terms of x and ¢) are given here:

u = [e*¥%d/dz — $)x]
- [—ikta/n)(1 — c2lgh)™1]
- (dldy — Byclghyy (A1)
v = [et?d/dz — Px] - (—h) (A2)
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W = [e*¥?x] - [(=c¥g)1 — c*gh)™']
- (dldy — Bylc)p (A3)
¢ = le*¥¥dldz — Hx]
- [=ih(acln)(1 = cHgh)™]
- (dldy — Byl (Ad)

T = [e*¥2y] - [i(ac/n)(T/gR)(1 — c*lgh)™']
- (dldy — Bylows.  (AS)

The full (x, y, Z, t) solutions are then given
as the real parts of the product of each of
these with e{9¢=<) where c is given as the
wave phase speed with respect to the mean
flow by the appropriate choice of Egs. (16)-
(19). The comparative inspection of the
above expressions clearly reveals the ad-
vantage of initially solving for the meridio-
nal velocity in preference to any of the
other wave fields. Selected examples of the
shape of the meridional form factors for w,
¢, and T are displayed in Fig. 6.
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